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Reconstruction of fragmented material remains has been given a considerable attention in the fields of archaeology,
forensic anthropology, and palaeoanthropology. Fragmented osseous remains are often found in cases of mass
disasters, burning incidents, crash incidents, as well as bodily mutilation through criminal and suicidal activities. In
cases where the remains are burnt or fragile, the handling of the remains becomes difficult and improper handling
may lead to further destruction of the evidence. In such cases, digital restoration of the remains by means of threedimensional technology can be done as it is a non-invasive in nature and minimizes physical handling. It has been
repeatedly demonstrated that virtual methods facilitate preservation, storage, and conservation of skeletal remains.
For this current preliminary study, fragile fragmentary osseous remains were obtained and then digitally
reconstructed. The data was acquired using hand-held 3D laser scanners and digitally reconstructed using software.
The reconstructed specimen was then printed and could be used for further analysis due to the fragile nature of the
original specimen.

Introduction
The issue of reconstruction of fragmented, distorted or missing parts in
osseous remains has been given considerable attention in the fields of
archaeology, forensic anthropology, and palaeoanthropology [1,2].
Additionally, bone reconstruction also presents a fundamental issue in
surgical fields. In forensic anthropology, skeletal remains are often the
only materials that may be recovered from a missing individual [1].
Cranial remains are used not only in the assessment of a sex and age of the
osseous remains in question but also in dental and skull–photo
superimposition for the purpose of identification [2]. In the deaths
relating to accidents such as burning incidents, crash incidents, voluntary
bodily destruction through crime and suicide and soft tissues missing, the
remains obtained are not only skeletal, but are highly fragmented either
through clandestine activities or burning. It is also likely that many
fragments may not be collected either due to size or with a high chance
that these remains are fragmented or elements missing. In these cases,
reconstruction of fragmented remains and remodeling of missing
elements becomes necessary.
Traditionally, adhesives like tape, Cyanoacrylate (Crazy1 glue,
Superglue1 ), polyvinyl acetate (PVA), “Glue”, “Wax”, Duco1 cement,
Spray acrylic, Clear self-curing dental acrylic, dental bonding agent,
Bioplastic1 , Transparent tape, clear fingernail polish, and Dental “sticky”
wax are used to rejoin and reconstruct fragmented/burnt remains [3–5].
The adhesive and filling substances create a chemical bond with the bone

tissue that persists and alters the tissue composition. The added layers are
often difficult to remove, either chemically or mechanically [6,7]. In
cases where the remains are burnt or fragile, the handling of the remains
becomes difficult; improper handling may lead to further modification or
even destruction of the evidence [3]. In such cases digital restoration of
the remains by means of three-dimensional technology can be conducted
as it is a non-invasive in nature. It has been repeatedly demonstrated that
virtual methods facilitate preservation, storage, and conservation [8] of
skeletal remains. In the present report, the fragmented remains were
fragile and difficult to handle and the scanning technology allowed the
remains to be digitally reconstructed.
Case report
A fragmented skull of non-human origin was obtained from the
archive of Laboratory of Forensic Odontology, Institute of Forensic
Sciences, Gujarat Forensic Sciences University, Gujarat, India. A total of
seven fragmented pieces were obtained that were fragile and difficult to
handle and an attempt was made to reconstruct fragments by digital/
virtual methods (Fig. 1).
Data acquisition
The fragmented remains were scanned using 3D laser scanner
(FARO1 Edge, USA) with the accuracy of +/ 0.034 mm at Jet 3DScan in
Ahmedabad, Gujarat. The initial scan was obtained in point cloud data,
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through three unique spatial points on respective pieces at the fractured
line. The pieces were aligned in the three axes (X, Y and Z). The next part
(Part 2), was aligned by keeping the rostral part of Part 1 fixed. With the
help of the Global Registration tool, the matching was initiated
automatically where the algorithm relies on minimizing the distance
(mean square error) between two pieces. The procedure was repeated in
similar manner for the other parts for final skull reconstruction (Fig. 3A
and B). The reconstructed file was saved in .stl format and printed using
Poly Lactic Acid (PLA) material by fused deposition modeling (FDM)
technology (Fig. 4).
Accuracy of the reconstructed non-human skull
Following a literature review, the morphology of the reconstructed
and printed skull was compared to a domesticated dog (Canis familiaris)
[8]. The rostral portion was longer than the cranium, whereas the nasal
portions was longer. The landmarks and the features of the bones of
cranium coincided with that mentioned in the literature [9–11], thus
confirming that the morphology of the skull as consistent with a
domesticated dog, probably the Indian pye-dog or pariah dog. On
observation it was found that the ventral part of the cranium had numbers
of foramina and canals for the passage of nerves and blood vessels. At the
junction of the facial and cranial parts, on each side are the orbital cavity
which houses the globes of the eyes and accessory structures. The frontal
bone was irregular in shape, being broader caudally and narrower
rostrally. Laterally, the rostral part is concave and forms the medial wall
of the orbit [11]. A convexity is observed from bregma to nasion, followed
by the concavity till internasal suture with a steep inclination on the
frontal aspect.
Metric analysis was conducted using definitions from Ali Louei
Monfared [12] with the measurements of skull length, cranial length,
nasal length, cranial width used (Table 1). As per Ali Louei Monfared [12]
measurements (in cm) for skull length is 17.4 + 0.2, cranial length 11.3 
0.1, nasal length 6.12  0.26, cranial width 7.165 + 0.355. While the
measurements of the actual skull and 3D printed skull are fairly congruent
in terms of skull length, cranial length, and nasal width, there is more
significant deviation with cranial width. This deviation would have
occurred due to manual conjoining method and possible trauma pattern
on bone. The measurements also coincided with the average measurements of the skull as mentioned by Evans, De Lahunta [11]. However,
overall, the comparison of the actual skull and the 3D model are
congruent. While metric analysis allows us to see the validity and

Fig. 1. Fragmented remains of non-human origin.

noise clean-up and filtration performed, and then the digital data was
rendered. Thereafter, Geomagic Studio 13 software was used for mesh
processing, where the point cloud data was converted to mesh and the
final data was obtained in. stl (stereolithography) format (Fig. 2).
3. D reconstruction procedure
All the fragmented pieces were aligned using Geomagic Studio
13 software. Here, with the help of “Manual alignment” tab, n-point
alignment was selected and two pieces (Part 1 and Part 2) were selected

Fig. 2. 3D model of the fragmented remains obtained in STL format.
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Fig. 3. (A): Process of Reconstruction: importing all the fragments (top) Manual Registration (left) Global Alignment (right). (B): Process of Reconstruction.

stabilize and reconstruct fragmented bone [3] and tooth fragments [4,15]
but this may further damage the remains. Three-dimensional surface
scanning (3DSS) has the ability to collect data from various directions/
angles without physically handling the specimen/object [16]. In recent
times various non- invasive computerized methods of virtual reconstruction
have been developed [17–19]. These computerized methods have enabled
reconstruction of distorted or fragmentary human/non- human fossils for
the purposes of their comparative analysis that would be impossible on the
incomplete structures without further damaging the osseous remains
[17–22]. Literature confirms the use of computerized methods to
reconstruct the fragmented remains with lower error rate [2,7].

accuracy of the 3-D printed object compared to the original, the
measurements are not enough to determine the dog breed. It should be
mentioned that even amongst zooarchaeologists, there is a lot of
argument about the ability to determine dog breeds historically or
prehistorically [13,14].
Discussion
In catastrophic conditions, the scientific and forensic literature mentions
the use of conventional methods such as glue and tape, cyanoacrylate
cement, hair spray and a number of dental materials that may be used to
3
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Fig. 4. Models of reconstructed skull in STL (above) which were printed FDM technique (below).
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Table 1
Linear measurements of the reference from Monfared [12] and 3D printed replica
to evaluate.
Measurements

Skull (cm)

3D Printed
Skull (cm)

Mean

Range

Skull Length
Cranial Length
Nasal Length
Cranial Width

17.6
11.2
6.38
7.50

17.2
11.4
5.86
6.83

17.4
11.3
6.12
7.165

17.2–17.6
11.2–11.4
5.86–6.38
6.83–7.50

The authors are grateful to Mr. Jayneel Patel and his team from Jet 3D
Scan, Gujarat, India for rendering all the technical support in 3D scanning.
The authors would also like to thank Dr. Sophia Perdikaris, Professor and
Chair of Anthropology, University of Nebraska, Lincoln for her valuable
inputs and scientific guidance.
References
[1] M.Y. Işcan, H.E. Solla, B.Q. McCabe, Victim of a dictatorial regime: identification of
Mr. Roberto Gomensoro Josman, Forensic Sci. Int. 151 (2005) 213–220, doi:http://dx.
doi.org/10.1016/j.forsciint.2004.12.035.
[2] S. Benazzi, E. Stansfield, C. Milani, G. Gruppioni, Geometric morphometric methods
for three-dimensional virtual reconstruction of a fragmented cranium: the case of
Angelo Poliziano, Int. J. Legal Med. 123 (4) (2009) 333–344, doi:http://dx.doi.org/
10.1007/s00414-009-0339-6.
[3] G. Grévin, P. Bailet, G. Quatrehomme, A. Ollier, Anatomical reconstruction of
fragments of burned human bones: a necessary means for forensic identification,
Forensic Sci. Int. 96 (2–3) (1998) 129–134, doi:http://dx.doi.org/10.1016/S03790738(98)00115-7.
[4] J. Berketa, A. Fauzi, H. James, A. Lake, N. Langlois, The utilization of a commercial
gloss spray in stabilization of incinerated dental structures, J. Forensic Leg. Med. 33
(2015) 76–79, doi:http://dx.doi.org/10.1016/j.jflm.2015.04.007.
[5] J.J. Topoleski, A.M. Christensen, Use of a gelatin-based consolidant to preserve
thermally-altered skeletal remains, J. Forensic Sci. [Internet] 64 (4) (2019) , doi:
http://dx.doi.org/10.1111/1556-4029.14019 1135–8, Wiley; Feb 8, Available from.
[6] C.J. Knüsel, J. Robb, Funerary taphonomy: an overview of goals and methods, J.
Archaeol. Sci. Rep. 10 (2016) 655–673, doi:http://dx.doi.org/10.1016/j.
jasrep.2016.05.031.
[7] E. Bruner, G. Manzi, Digital tools for the preservation of the human fossil heritage:
ceprano, saccopastore, and other case studies, Hum. Evol. 21 (1) (2006) 33–44, doi:
http://dx.doi.org/10.1007/s11598-006-9002-0.
[8] M. Jurda, P. Urbanová, J. Chmelík, Digital restoration of fragmentary human skeletal
remains: testing the feasibility of virtual reality, J. Forensic Leg. Med. 66 (2019) 50–
57, doi:http://dx.doi.org/10.1016/j.jflm.2019.06.005.
[9] M.A. Gioso, V.G.G. Carvalho, Oral anatomy of the dog and cat in veterinary dentistry
practice, Vet. Clin. North Am. Small Anim. Pract. 35 (4) (2005) 763–780, doi:http://
dx.doi.org/10.1016/j.cvsm.2004.10.003.
[10] W. Nusshag, Compendio de anatomia y fisiologia de los animales dome ́ sticos.
Zaragoza:Acribia, (1967) , pp. 67–72.
[11] De Lahunta Evans, Miller’s Anatomy of the Dog, Elsevier Saunders, Louis, MO, 2013,
pp. 84–90.
[12] A.L. Monfared, Anatomical study of the skull of the adult dogs and its clinical value
during regional anesthesia, Glob. Vet. 10 (4) (2013) 459–463, doi:http://dx.doi.org/
10.5829/idosi.gv.2013.10.4.7295.
[13] D. Bennett, R.M. Timm, The dogs of Roman Vindolanda, Part II: time-stratigraphic
occurrence, ethnographic comparisons, and biotype reconstruction, Archaeofauna 25
(2016) 107–126.
[14] C. Phillips, I.L. Baxter, M. Nussbaumer, The application of discriminant function

In this article, these non-invasive techniques have been used
reconstruct the fragmented skull which is also a humanitarian
approach as digitally restoring the remains prevented from further
damaging it. The reconstructed osseous remains showed morphological resemblance to that of dog. On metric analysis it showed overall
average discrepancy of 0.35 cm when compared with established
metrics parameters. The method applied for the digital restoration of
the skull showed high accuracy and can be applied in routine forensic
casework which can be used as a preliminary approach to establish
identification before DNA analysis where the remains are fragile and
difficult to handle.
This preliminary study offers insight into possible means of
reconstruction of commingled and fragmentary human and non-human
remains in terms of archaeological, paleoanthropological, and forensic
analyses. While archaeological and paleoanthropological analyses are
important in terms of understanding the past, the use of this technique in
the forensic world is extremely important, particularly in terms of mass
disasters. During many forms of mass disasters, the bones become
fragmented and fragile and individuals’ sets become commingled. While
using a manual process of manipulation digitally, this methodology
allows the analyst to manipulate and reconstruct complete elements and
reassociate remains from large mass disasters. Continued processing of
scanning fragmentary bone and creating algorithms that will allow
automatic searches for best fits will expand the capability of this
procedure in the use of thousands of fragments.

Declaration of Competing Interest
Authors declare no conflict of interest.
4

G. Jani et al.

[15]

[16]

[17]

[18]

FSIR 2 (2020) 100070

analysis to archaeological dog remains as an aid to elucidation of possible affinities
with modern breeds, Archaeofauna 18 (2009) 51–64.
J.N. Soni, Pieces of tooth solve the mystery of identity in a case of murder - A case of
reconstructive forensic medicine, Anil Aggrawal’s Internet J. Forensic Med. Toxicol. 4
(2003) 2 (July – December 2003): https://www.anilaggrawal.com/ij/vol_004_no_002/
papers/paper008.html; Published: December 5, 2003, (Accessed 24 April 2019).
G.M. Berman, M.A. Bush, P.I. Bush, A.J. Freeman, et al., Dental identification, in: D.R.
Senn, R.A. Weems (Eds.), Manual of Forensic Odontology, 5th ed., CRC Press, Boca
Raton, Fla, 2013, pp. 75–127.
T. Kulczyk, M. Rychlik, D. Lorkiewicz-Muszy
nska, M. Abreu-Głowacka, A. CzajkaJakubowska, A. Przysta
nska, Computed tomography versus optical scanning: a
comparison of different methods of 3D data acquisition for tooth replication, Biomed.
Res. Int. 2019 (2019) 1–7, doi:http://dx.doi.org/10.1155/2019/4985121.
M.S. Ponce De Leon, C. Zollikofer, New evidence from LeMoustier 1: computerassisted reconstruction and morphometry of the skull, Anat. Rec. 254 (1999) 474–489,

[19]

[20]

[21]

[22]

5

doi:http://dx.doi.org/10.1002/(SICI)1097-0185(19990401)254:4%3C474::AIDAR3%3E3.0.CO;2-3.
P. Gunz, P. Mitteroecker, F.L. Bookstein, Computer-aided reconstruction of
incomplete human crania using statistical and geometrical estimation methods, Enter
the Past: Computer Applications and Quantitative Methods in Archaeology, vol. BAR
International Series, Archaeopress, Oxford, 2004, pp. 92–94.
L. Ulhaas, Computer-based reconstruction: technical aspects and application, in: W.
Henke, I. Tattersall (Eds.), Handbook of palaeoanthopology, Springer, Berlin, 2007,
pp. 787–814.
S. Neubauer, P. Gunz, P. Mitteroecker, et al., Three-dimensional digital imaging of the
partial Australopithecus africanus endocranium MLD 37/38, Can. Assoc. Radiol. J. 55
(2004) 271–278.
A. Johnson, G. Jani, A. Pandey, N. Patel, Digital tooth reconstruction: an
innovative approach in forensic odontology, J. Forensic Odontostomatol. (Dec.
(37)) (2019) 3–12 20.

